Brown adipose tissue (BAT) is specialized for heat generation and energy expenditure as a defense against cold and obesity; in both humans and mice increased amounts of BAT are associated with a lean phenotype and resistance to development of the metabolic syndrome and its complications. Here we summarize recent research showing that several BAT-expressed microRNAs miRNAs) play important roles in regulating differentiation and metabolism of brown and beige adipocytes; we discuss the key mRNA targets downregulated by these miRNAs and show how these miRNAs affect directly or indirectly transcription factors important for BAT development. We suggest that these miRNAs could be part of novel therapeutics to increase BAT in humans.
expenditure and non-shivering thermogenesis as it catabolizes lipids to generate heat. The BAT-specific mitochondrial uncoupling protein 1 (UCP1) short circuits the proton motive force across the inner mitochondrial membrane, generating heat rather than ATP (8, 9) . BAT differentiation and full UCP1 mRNA expression can be induced by prolonged cold exposure, by beta-adrenergic stimulation leading to elevated intracellular cyclic AMP (cAMP) levels (10) (11) (12) , and by thyroid hormones (13, 14) . Until recently, coldinduced thermogenesis in BAT was considered of importance only in hibernators, rodents, and neonatal mammals. However, recent evidence strongly supports the existence of functional BAT in adult humans (15) (16) (17) (18) (19) .
Brown and beige fat cells
While disruption of normal WAT development causes ectopic lipid storage and severe pathology (lipodystrophy) in both humans and experimental animals, loss of BAT function is linked to obesity and metabolic diseases (20) . Promotion of BAT development in animals, on the other hand, leads to increased energy expenditure without causing dysfunction of other tissues. Indeed, experimental increases of BAT in several rodent models have been associated with a lean and healthy phenotype (21) (22) (23) , suggesting that manipulation of BAT levels and thus uncoupled respiration is a desirable therapeutic objective against obesity and its pathological consequences.
BAT is localized to distinct anatomical sites, including interscapular, perirenal, and axillary depots. Additional brown fat cells -known as "beige" cells -emerge in SAT in response to cold exposure (11, 21, 24) (25) , a process commonly referred to as WAT browning. Following prolonged cold exposure, adult C57BL/6 wild type (WT) mice show an obvious transition from SAT into brown-like adipose tissue (brite) that contains a high number of UCP1-positive mitochondria, a characteristic feature of BAT (25) . Although these beige cells (see Text Box 1) have a very low basal level of UCP1 gene expression, unlike a typical white fat cell they retain a remarkable ability to robustly activate UCP1 expression. Thus, both in rodents and humans beige adipocytes are a distinct type of thermogenic fat cells able to trigger a program of respiration and energy expenditure that is equivalent to that of classical brown fat cells (25) . Indeed, expression profiling and other data has demonstrated the presence of UCP1-possitive cells in humans in the neck and upper chest region, and has indicated that these might be beige, rather than brown adipocytes (72) .
Transcription factors important for BAT development
Brown fat cells can arise from both a myogenic MYF5 positive lineage and from MYF5 negative white fat precursors (26, 27) . In vivo lineage tracing experiments in mice showed that bipotential MYF5 positive progenitor cells can give rise to two discrete cell types, myocytes and brown adipocytes in the interscapular fat depot, pointing to a similar developmental origin of these cells. In contrast, beige cells within white adipose depots are derived from a different linage and are MYF5 negative (26, 27) . In both MYF5 positive and negative preadipocytes, brown differentiation is promoted by increased expression of the gene encoding the transcription factor PRD1-BF1-RIZ1 homologous domain containing 16 (PRDM16) (26, 27) . In particular, PRDM16 expression inhibits myogenesis and promotes BAT differentiation from the common bipotential MYF5 positive progenitor. Thus, PRDM16 has emerged as a brown adipose determination factor that controls the switch between skeletal myoblasts and brown fat cells. PRDM16 also regulates the switch between white and beige adipocytes, thus regulating the development of both brown and beige adipocytes in classic BAT depots, and SAT, respectively (26, 27) . Other well established key transcription factors that drive both brown and white fat cell differentiation include the peroxisome proliferator-activated receptor-γ (PPARγ) and CCAAT/enhancer-binding proteins (C/EBPs) (28) (29) (30) (31) (32) (33) . C/EBPβ is one of the crucial switches in brown fat cell fate determination and is a key transcriptional inducer of UCP1 expression and the thermogenic program (31, 34) . Treatment of both mouse and human WAT with PPARγ activators also induces the expression of UCP1 as well as peroxisome proliferator-activated receptor gamma coactivator 1-alpha (PGC1α) and other nuclear proteins important for mitochondrial biogenesis (4, 16) . The expression of PGC1α is elevated upon cold exposure (26) and is needed for BAT thermogenesis (28) . PGC1α controls mitochondrial biogenesis and respiration through induction of uncoupling proteins and nuclear respiratory factors (27) . cAMP responsive element binding protein (CREB) and PPARα are direct activators of PGC1α, while the interaction of PPARα with PRMD16 and cAMP-mediated pathways is necessary for full activation of PGC1α gene transcription (35) . Another key regulator of adipose cell metabolism is the transcription factor forkhead-box-C2 (FOXC2) (36) . Expression of FOXC2 in adipose tissue induced emergence of beige cells from WAT, which show elevated expression of thermogenic genes, including UCP1 and PGC1α (37) . For a comprehensive review on the transcriptional control of brown fat development readers are referred to (38) .
General role of miRNAs in regulation of adipogenesis
MiRNAs) are a class of evolutionarily conserved 20 to 24 nucleotide RNAs that act as negative post-transcriptional regulators of target gene expression (39, 40) . These have emerged as a fundamental mechanism controlling tissue development and function (41) . The miRNA biosynthesis pathway includes processing of miRNAs precursors in the nucleus by the RNA type III endonuclease termed Drosha, and in the cytosol by the RNA type II endonuclease Dicer into ~22 nucleotide-long miRNAs (42) (43) (44) (see Text Box 2). MiRNAs silence transcripts by facilitating cleavage of target mRNAs via Argonaut proteins (catalytic components of the RNA-induced silencing complex), and/or by Argonaut acting as a physical barrier to translation, depending on the level of complementarity of the miRNA with their target mRNAs (45) . Important for mRNA target recognition is the miRNA "seed" sequence that is centered on nucleotides 2-8 from the 5' end. This sequence hybridizes with a sequence generally in the 3' untranslated region (3'UTR) of the mRNA (45) . Computational and experimental analyses have revealed that almost half of the mammalian transcriptome is targeted by miRNAs. On average, a single miRNA family can regulate hundreds of targets (up to ~400), and the level of regulation on a single transcript tends to be mild, rarely exceeding 2 fold (46).
MiRNA expression is often developmental or tissue enriched. Recent data indicate that miRNAs play a key role in modulating cell differentiation and metabolism of many tissue types in vivo, including adipocytes (47) (48, 49) . Conditional aP2-CRE Dicer knock-out (KO) mice revealed distinct requirements for Dicer in the formation of adipose cells and provided genetic evidence that miRNAs regulate adipogenesis. The Dicer KO mice, which express the CRE recombinase at high levels during white and brown adipocyte differentiation, are half the size of control mice, and exhibit a mild shivering phenotype (50) . The mutants have a severe reduction of WAT and a 50% reduction in spleen weight, but no differences in the weight of various other tissues relative to overall body mass. Interestingly, these knock out animals showed massive decreases in the transcript levels of BAT genes that regulate thermogenesis, including UCP1, PGC1a, cyclooxygenase 1b (COX1B), and cell death-inducing DNA fragmentation factor alpha subunit-like effector A (CIDEA), as well as the expression of the PPARγ2 isoform and fatty acid synthase (FAS), indicating that miRNAs may affect the thermogenic functions of BAT. However, there was no reduction in BAT mass up to three weeks of age, when these mice typically died. It is important to note that the early mortality of the aP2-Dicer KO mice is a limitation in studies of the global importance of miRNAs in brown fat differentiation. Since aP2 (also known as fatty acid binding protein 4 -FABP4) is not adipose specific and is expressed in other tissues including macrophages, the phenotype of these mice might be influenced by changes in extra-adipose sites. It would be of interest to investigate whether these Dicer knockout mice, or other types of adipocyte miRNA-deficient mice, would show differences in BAT differentiation when challenged with cold exposure or a high fat diet. Undoubtedly, future studies will address the general role of miRNAs in brown fat differentiation at later stages using different CRE inducible knockouts of Dicer or other miRNA processing enzymes.
A number of miRNAs are known to direct early stages of white adipocyte differentiation, the fate determination step during which multipotent mesenchymal stem cells (MSCs) are induced to become adipocytes. Other miRNAs are essential for terminal differentiation, where cells acquire a mature adipocyte morphology and express mature adipocyte markers such as aP2, glucose transporter type 4 (GLUT4) and others (Reviewed in (51)). Here we summarize recent progress in understanding the role of individual miRNAs in brown adipogenesis.
MiR-193b-365, a brown fat enriched microRNA cluster essential for brown fat differentiation
A comparison between miRNAs expressed in skeletal muscle and white and brown adipose tissue identified 91 miRNAs that were differentially expressed between these tissues and potentially important for brown fat development (52) . Among those, miR-193b and miR-365, which are co-transcribed as a single pri-miRNA, were strongly expressed in BAT, but not WAT or muscle. Using locked nucleic acid (LNA)-mediated technology to inhibit miR-193a/b and/or miR-365 in the stromal-vascular fraction (SVF) of brown fat or in purified brown preadipocytes from mice, there was a marked reduction in brown adipocyte differentiation, as monitored by decreased lipid accumulation and decreased mRNA expression of adipogenic markers common to brown and white fat, including adiponectin, C/ EBPα, aP2, and PPARγ. Even more marked decreases were observed in the expression of brown fat-enriched markers including UCP1, PPARα, PGC1α, deiodinase 2 (DIO2), PRDM16 and CIDEA. In addition, and despite their low expression in white fat, both miR-193 and miR-365 were required for white adipocyte differentiation, indicating that they are general regulators of adipogenesis.
One mechanism employed by miR-193a/b to regulate adipogenesis is direct negative regulation of Runt-related transcription factor 1; translocated to 1 RUNX1t1), an inhibitor of both white and brown adipogenesis. Among other conserved miR-193b targets are Cdon (also named Cdo) and insulin-like growth factor-binding protein 5 (IGFBP5), both previously implicated as pro-myogenic factors (53) (54) (55) (56) . CDON is a cell surface receptor that stimulates post-translational activation of myogenic bHLH factors and E proteins, and increases transcription of muscle-specific genes. IGFBP5 is required for myogenesis and knocking it down also impairs myogenic differentiation of C2C12 myoblasts and primary skeletal muscle cells in vitro.
Ectopic expression of miR-193b in C2C12 myoblasts repressed myogenesis and decreased the mRNA levels of myogenic markers including the paired box gene 3PAX3 and MYOD. It also promoted a significant upregulation in the mRNAs encoding selective brown fat markers, such as UCP1, CIDEA, PRDM16 and PPARα, as well as adipogenic markers including PPARγ, CEBPα and aP2. More strikingly, ectopic expression of miR-193b in these myoblasts, when cultured in a proadipogenic medium, induced formation of brown adipocytes that exhibited UCP1 -mediated thermogenesis.
Forced expression of PRDM16 in primary white preadipocytes or C2C12 myoblasts, on the other hand, induced mir193b-365 expression, at least in part by inducing expression of PPARα, suggesting that this miRNA cluster is indirectly activated PRDM16. Thus, a feedforward loop might exist, whereby overexpression of miR-193b promotes PRDM16 expression, and its inhibition results in decreased PRDM16 expression, thus ensuring differentiation of brown adipocytes from bipotential brown adipocyte/myocyte progenitors ( Figure 1 ).
Collectively, these results demonstrate that the miR-193b-365 cluster contributes to the regulation of brown fat versus muscle lineage determination, by directly repressing myogenesis.
Decreased miR-133 expression during cold exposure promotes brown adipogenesis
Several other miRNAs were found also to be differentially expressed between muscle, white and brown fat (52) . MiR-1 and -133a/b, derived from the same miRNA polycistron and transcribed together, have distinct roles in modulating skeletal muscle cell proliferation and differentiation, and were recently implicated in brown adipocyte differentiation (51) . Specifically, miR-133a and b, previously thought to be exclusively expressed in muscle, is strongly expressed in brown fat (57) , although to a lower extent than in muscle (52) . MiR-133a and b are involved in cell specification of mouse and human embryonic stem (ES) cells (58), differentiation of mouse myotubes (59) , and mouse development (60) . MiR-133a and b are downregulated in mouse and human models of cardiac hypertrophy, and may play a role in the underlying pathogenesis of the disease (61, 62).
A comparative analysis of miRNA microarrays collected from BAT of C57Bl/6N mice held either at room temperature or after cold exposure identified a set of miRNAs that regulate BAT differentiation and whose expression changes in response to cold (63) . MiR-133 was one of the most downregulated miRNAs after cold exposure. Interestingly, miR-133 contains a highly evolutionarily conserved octamer seed motif within its 5' segment complementary to a conserved sequence in the 3′UTR of PRMD16 mRNA. Indeed miR-133 directly binds to and suppresses the mRNA encoding PRDM16, thus inhibiting brown adipogenesis from both brown and white progenitor cells (63) . Similarly, miR-133 inhibition using antimiRs in MYF5 positive brown precursors, or MYF5 negative preadipocytes derived from SAT of wt mice, led to a dramatic increase of UCP1 levels during brown differentiation. This was accomplished by increased PRDM16 expression, and accompanied by an increase other brown and general adipocyte differentiation markers, ultimately increasing the number of differentiated brown adipocytes. Further, short-hairpin knockdown of PRDM16 abrogated the increase in brown differentiation seen after miR-133a/b inhibition, confirming PRDM16 mRNA as the critical molecular effector of miR-133a/b. MiR-133 overexpression, on the other hand, antagonized brown fat differentiation in both progenitor cell types.
The mechanism underlying miR-133 mediated inhibition of brown adipocyte differentiation involves myocyte-specific enhancer factor 2C (MEF2C), a protein known to regulate myogenesis and vascular development. Indeed, miR-133 is under the transcriptional control of MEF2C, in both brown fat and muscle (63) (64) . Adrenergic stimulation and the subsequent increase in cAMP levels that also occurs after cold exposure, leads to decreased MEF2 expression, resulting in marked down-regulation of miR-133 (Figure 2 ). This triggers de-repression of PRDM16, leading to a marked increase in brown differentiation from both MYF5 positive and negative precursor cells.
Brown adipocytes that have differentiated in the absence of miR-133 are fully functional, as shown by increased levels of mitochondrial activity and increased responsiveness to beta adrenergic stimulation (63) . Since MEF2C and miR-133 downregulation lie upstream of PRDM16, which as noted above induces miR-193b/365 expression through PPARα, it will be of interest to investigate a possible link between the expression of these miRNAs. It is tempting to speculate that upon cold exposure, miR-133 downregulation represents a triggering event that leads to increased PRDM16 expression, which then stimulates an increase in miR-193b levels further promoting brown adipogenesis.
Interestingly, while cold exposure up to 48 hrs caused a marked downregulation of miR-133 in BAT and SAT (63) , it failed to induce changes in the expression of this miRNA in muscle or induction of BAT cells from muscle progenitors. This emphasizes the essential role of BAT and SC beige cells as the first line of defense to cold. However, it was recently reported that cold exposure for up to one week decreases muscle miR-133 levels, leading to increased brown adipogenesis from satellite cells within regenerating muscle tissue (65) , an event mechanistically linked to PRDM16 de-repression. While we do not yet understand the nature of this temporal difference, it will be interesting to determine whether repression of miR-133 and MEF2C expression in muscle in vivo is under direct beta adrenergic regulation, or whether additional activation pathways, presumably secondary to the initial steps towards brown adipogenesis in BAT and SAT, are also relevant to the conversion of satellite cells into beige cells.
During chondrocyte maturation, stimulation with parathyroid hormone (PTH)-related peptide or forskolin leads to dephosphorylation of histone deacetylase 4 (HDAC4) on serine 246 by protein phosphatase 2A (PP2A), which induces nuclear translocation of the deacetylase and interaction with and repression of MEF2 activity (66) . In addition, in muscle cells miR-1 binds to and downregulates the mRNA encoding the HDAC4 protein that in turn represses transcription (59) , and both the myomiRs, miR-1 and -206 are downergulated after cold exposure in BAT (63) . Although inhibition of miR-1 does not seem to cause a significant effect on BAT differentiation (52), it will be interesting to determine whether dual miR-1/206 silencing ultimately affects miR-133 expression through HDAC4 and MEF2C, providing an alternative pathway of activating the miR-133/miR-193 cascade in either or both MYF5 positive and negative progenitor cells.
Role of MiR-196a in beige cell formation
Members of the Hox family of homeobox genes (Hox genes), proteins that confer segmental identity during embryonic development, have distinct expression patterns between BAT and WAT, indicating that they might play a role in the determination of these two adipocyte cells types. Among clustered HOX genes HOXC8 gene had the highest expression levels in human WAT-progenitor cells, where it acts by repressing the expression of brown fat genes crucial for differentiation. HoxC8 was also shown to be down-regulated during brown adipogenesis (67).
The miR-196a gene is located near the HoxC8 gene. miR-196a has extensive, evolutionarily conserved, sequence complementarity to HOXC8 mRNA, and downregulates HOXC8 expression during several stages of vertebrate development (68) . In particular, miR-196a is sharply upregulated during brown fat differentiation of WAT precursors, as well as after cold exposure or beta adrenergic stimuli in vivo. This suggests a direct link between miR-196a upregulation, repression of HOXC8, and conversion of WAT cells into beige adipocytes. Indeed, fat-specific forced expression of miR-196a in mice induced generation of brown adipocyte-like cells in WAT (67) . Insights into the mechanism by which HOXC8 represses brown adipogenesis came from chromatin immunoprecipitation (ChIP) assays that identified an enrichment of Hoxc8 bound to the C/EBPβ locus in the mouse genome. By luciferase reporter assays using homeodomain Hoxc8 mutants (HDm) lacking DNA-binding capacity it was demonstrated that Hoxc8 targets and represses C/EBPβ expression, in cooperation with HDAC3, through a C/EBPβ 3' regulatory sequence (Figure 3) . Thus, an increase in miR-196a expression during beige adipogenesis suppresses Hoxc8 expression, leading to de-repression of C/EBPβ and promotion of differentiation of beige adipocytes. MiR-196a transgenic mice exhibited enhanced energy expenditure and resistance to obesity, suggesting that the induced beige adipocyte-like cells differentiated in the presence of miR-196a are metabolically functional.
Thus, the mir-196a/HOXC8 axis and the miR-133/PRDM16/193b axis seem to regulate different molecular pathways while both activating brown adipogenesis. It will be interesting to study whether simultaneous activation of both pathways will additively increase brown adipogenesis, possibly as a new way of treating metabolic diseases, primarily dyslipidemia, diabetes, and obesity.
Role of MiR-155 in brown and beige adipocyte differentiation
Comparison by deep sequencing of miRNA expression profiles of preadipocytes isolated from mouse BAT SVF with that of mature brown adipocytes identified miR-155 as being decreased during brown adipogenesis (69) . MiR-155 is downregulated by transforming growth factor β1 (TGF β1) in epithelial (70) , and brown fat cells (69) , and TGF β1 potently inhibits adipogenesis in 3T3-L1 cells (71) . In addition, overexpression of C/EBPβ leads to inhibition of miR-155 promoter activity in HIB-1B brown preadipocytes, while siRNAmediated knockdown of C/EBPβ causes an increase in miR-155 expression in BAT-derived preadipocytes. Chromatin immunoprecipitation assays identified a distal site in the miR-155 promoter as the critical binding site for C/EBPβ, thus demonstrating that miR-155 is also regulated by this major brown fat transcriptional regulator (69) . Interestingly, C/EBPβ is a miR-155 target gene in inflammatory processes as well as in in vitro models of white adipogenesis (72) (73) (74) (75) . MiR-155 directly downregulates C/EBPβ also in BAT and SAT preadipocytes, thus leading to suppression of brown or beige adipogenesis respectively. Thus miR-155 and C/EBPβ constitute a double-negative feedback loop (69) (Figure 4) . Accordingly, BAT specific miR-155 transgenic animals show reduced BAT mass, altered BAT morphology, and reduced UCP1 expression. Conversely, miR-155 KO mice show resistance to cold induced drop of body temperature, higher levels of glycerol release and cellular respiration, and a decrease of the number and size of lipid droplets in BAT. Ultimately, UCP1 and PGC1α levels are increased in BAT and SAT in the miR-155 KO mice, demonstrating increased brown/beige fat activity in absence of miR-155 also in vivo.
Therapeutic potential of miRNA
Currently, the most effective approach of enhancing miRNA function is through adenovirus vectors (76) . On the one hand, accumulating evidence indicates miRNA silencing as an emerging and novel way to treat several diseases (77) (76), further outlining the therapeutic potential of BAT relevant inhibitory miRNAs. These approaches rely on antimiRs with chemical modifications aiming to increase the binding affinity to the miRNA, enable nuclease resistance, and facilitate cellular uptake. AntimiRs currently in development as therapeutic tools use non-conjugated phosphorothioate antisense molecules incorporating various additional high affinity 2' sugar modifications such as 2'-O-methoxyethyl (2'-MOE) and 2'-fluoro (2'-F) substituents. Alternatively, locked nucleic acid (LNA) and LNA-like conformationally restricted nucleotides can be used. Initial results of tongoing phase II clinical trials indicate that LNA-modified antimiR-122 is well tolerated and provides continuous and prolonged antiviral activity in patients infected with hepatitis C virus (HCV) (clinicaltrials.gov). Pre-clinical data on 2'-F-2'-MOE-modified antimiR-33 demonstrates a key role of this miRNA in cholesterol homeostasis and fatty acid metabolism in non-human primates. (78) . Several other antimiR therapies are undergoing preclinical trials: downregulating miR-21 in hepatocellular carcinoma and kidney fibrosis; and miR-10b in glioblastoma. Since miR-193b/365, miR-133, miR-196a, and miR-155 potently regulate brown adipogenesis, and in the case of miR-133, -196a, and -155 differentiation of SAT preadipocytes into beige cells, modulating the levels of these miRNAs could lead to novel therapeutic strategies for promoting brown adipogenesis and thus for treatment of a variety of metabolic disorders.
Concluding remarks
Here we focused on five BAT miRNAs and discussed their importance in the differentiation of brown and beige adipocytes. Increased expression of miR-193b, miR-196a, or downregulation of miR-133 and miR-155, is sufficient to cause an increase in brown fat differentiation and function. Deregulated expressions of miRNAs are associated with various disorders, including obesity and diabetes. Recent studies show that in obese rodents there is altered expression of miR-143 and miR-103/107 in insulin-sensitive tissues and in the case of miR-103/107 also in humans. These might contribute to impaired insulin sensitivity and glucose homeostasis (47) (48) (49, 79). Interestingly, miR-103/107 inhibition promotes increased energy expenditure in the resting state (49), a phenotype associated with smaller adipocytes. It will be interesting to investigate whether this effect is, at least in part, due to effects of miR-103/107 inhibition on certain BAT functions. As many other miRNAs are essential for development of white adipose cells (51) , it remains to be determined whether any of these are also important for the BAT formation.
Thus far most work on BAT-important miRNAs has involved cell cultures or transgenic mice; total body or lineage specific knockout mice will greatly inform the functions of these miRNAs in vivo. One example is miR-155 knock out mice, which show increased brown/ beige fat activity as well as improved resistance to cold. Yet in some cases generating knockout mice will be challenging. For instance both miR-193 and miR-365 exist as two alleles: mir-193a-mir-365-2 and mir-193b-mir-365-1. Both alleles are transcribed as a single RNA from which the two microRNAs are generated (52) . The miR-365 produced by both alleles is identical in sequence. MiR-193a and miR-193b differ in only three nucleotides but the seed sequences -the 8 nucleotides at the 5' ends -of the two are identical. Since miR-193a and miR-193b share similar functions and are expected to downregulate common mRNA targets, knocking out both alleles will be essential. This is also the case for miR-133, as there are three known loci in the genome: miR-133a-1, miR-133a-2 and miR-133b, found on chromosomes 18, 20 and 6, respectively (46) . This can be overcome in part by generating in vivo miRNA inhibitors that can promiscuously inhibit the distinct miRNA families. It is tempting to propose that miRNA based formulations aiming at increasing miR-193b and miR-196a, or inhibiting miR-155 global or mir-133 in BAT/SAT could represent novel therapeutic approach for combating metabolic diseases.
Text BOX 1: Defining beige cells
Beige adipocytes emerge within WAT following prolonged cold exposure (12, 80) and β-adrenergic stimulation (24) . Unlike the "classical" BAT which originates from PAX7 / MYF5-possitive progenitors that also give rise to skeletal muscle (26) , these inducible beige adipocytes originate form PAX7 / MYF5-negative precursors (27) . It is not clear whether the beige adipocytes originate by "brown conversion" of white fat cells (11, 81) , or whether this "transdifferentiation" is due to the presence of a distinct cell type with this predisposition. It is also not clear whether the beige adipocytes originate from the same MYF5-negative precursors as the white preadipocytes, or whether "beige-specific" preadipocytes exist that are committed to this cells type, as recently suggested (25) . Classical brown adipocytes express high levels of UCP1 also in the absence of appropriate stimuli, and have constantly high thermogenic activity. Beige cells have a very low basal level of UCP1, but can robustly respond to cAMP to induce UCP1 and activate a thermogenic program to levels similar to those seen in the brown cell lines from the interscapular depot (82) . The UCP1-possitive cells within the supraclavicular region of healthy human adults have a molecular phenotype that is much more similar to murine beige fat cells rather than brown fat cells (25) . The beige adipocytes differ from classical BAT cells also in the expression of certain genes: they do not express the transcription factors ZIC1, LHX8, MEOX2; have low PRMD16 levels; and retain expression of HOXC9 as a WAT-specific gene (25) . Recent reports however suggest that deep human neck brown adipocytes most closely resemble cells from the classical BAT lineage in the mouse (83), sharing similar capacity for high rates of energy expenditure seen in rodent iBAT. In this study, the following genes were used as markers: MPZL2, HOXC9, EBF3, FBXO31 and LEP (for the white adipocytes); TNFRSF9, TMEM26 and SHOX2 (for the beige adipocytes); and UCP1, LHX8 and ZIC1 (for the brown adipocytes).
TEXT BOX 2: MicroRNAs, the basics
MiRNAs are ~22 nucleotide long evolutionarily conserved RNA molecules that act at a posttranscriptional level to regulate gene expression in metazoans and plants. MiRNAs are transcribed by RNA polymerase II or III as primary transcripts, called pri-miRNAs. In the nucleus, pri-miRNAs are processed at the bottom of their stem loop into ~70 nucleotide long pre-miRNAs by the RNA type III endonuclease termed Drosha, together with its cofactor, the RNA binding protein DGCR8. Pre-miRNAs are then exported from the nucleus by the nuclear transport receptor Exportin 5 into the cytosol, where they are further cleaved by the RNA type II endonuclease Dicer into ~22 nucleotide-long miRNA duplexes. One strand of the mature miRNA is preferentially retained in the miRNA induced silencing complex (miRISC), consisting of several proteins of the Argonaute family, of which Argonaute-2 (AGO2) cleaves the target mRNA. MiRNAs in the miRISC mediate the mRNA target recognition by imperfect pairing, inducing translational repression and/or AGO2 mediated mRNA cleavage (42) (43) (44). Graphical representation of the miR-133 pathway. Cold exposure and beta adrenergic stimulation increase cyclic AMP levels, leading to a decrease in MEF2C expression and resulting in marked downregulation of miR-133. Since miR-133 represses expression of the master brown adipocyte differentiation factor PRMD16 in both MYF5 positive, and MYF5 negative progenitor cells, this leads to increased brown and beige adipocyte differentiation, respectively. 
